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ABSTRACT 

Ester derivatives of 5-aminolevulinic acid (ALA-esters) 
have been proposed as alternative drugs for ALA in pho** 
todynamic tlierapy. After topical application of creams 
containing ALA^ ALA methylester (ALA-Me), ALA liex- 
ylester (ALA-Hex) and ALA octylester (ALA-Oct) on 
mouse skin, typical fluorescence excitation and emission 
spectra of protoporphyrin IX (PpDC) were recorded, ex- 
hibiting a similar spectral shape for all tlie drugs in the 
range of concentrations (0.5-20%) studied. The accu- 
mulation kinetics of PpIX followed nearly a similar pro- 
file for all the drug formulations. The fluorescence of 
PpIX peaked at around 6-12 h of continuous cream ap- 
plication. Nevertheless, some differences in pharmacoki- 
netics were noticed. For ALA cream, the highest PpIX 
fluorescence was acliieved using 20% of ALA in an oint- 
ment. Conversely, 10% of ALA-Me and ALA-Hex, but 
not of ALA-Oct, in tlie cream was more efiicient (P < 
0.05) than was 20%. Tlie cream becomes rather fluid 
when 20% of any of tliese ALA-esters is used in oint- 
ment, whereas 10% and lower concentrations of ALA- 
esters do not significantly increase fluidity of the cream. 
The dependence of PpIX accumulation on tlie concentra- 
tion of ALA and ALA-ester in tlie applied cream followed 
(P < 0.002) kinetics as described by a mathematical mod- 
el based on tlie Michaelis-Menten equation for enzymatic 
processes. Under the present conditions, the PpIX 
amount in the skin increased by around 50% by the ap- 
plication of ALA-Me, ALA-Hex or ALA-Oct for 4-12 h 
as compared witli ALA for tlie same period. Observa- 
tions of the mice under exposure to blue light showed 
that after 8-24 h of continuous application of ALA, the 
whole mouse was fluorescent, whereas in the case of 
ALA-Me, ALA-Hex and ALA-Oct tlie fluorescence of 
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PpIX was located only at the area of initial cream appli- 
cation. The amount of the active compound in the applied 
cream necessary to induce 90% of the maximal amount 
of PpIX was determined for normal mouse skin. Optimal 
PpIX fluorescence can be attained using around 5% 
AJLA, 10% ALA-Me and 5% ALA-Hex creams during 
short application times (2r-4 h). Topical application of 
ALA-Oct may not gain optimal PpIX accumulation for 
short applications (<5 h). For long application times (8- 
12 h), it seems that around 1% ALA, 4% ALA-Me, 6% 
ALA-Hex and 16% ALA-Oct can give optimal PpIX fluo- 
rescence. But for long application times and high con- 
centrations, systemic effect of ALA applied topically on 
relatively large areas should be considered. 

INTRODUCTION 

Photodynamic therapy (PDT) of tumors combines the ad- 
ministration of a photosensitizer, usually a porphyrin, and 
light exposure (1,2), A major drawback of PDT is the long- 
lasting sldn sensitivity to sunlight for up to 2-4 weeks after 
treatment, which was reported for patients treated with he- 
matoporphyrin derivatives and photofrin (3,4). A major 
drawback is less for the endogenous photosensitizer proto- 
porphyrin IX (PpIX). Free PpIX has been found to clear 
faster from the body, exhibiting half-life of around 12 h after 
systemic administration (5,6). Accumulation of the endoge- 
nous sensitizer PpIX in tissues may be attained by the ex- 
ogenous adnninistration of its natural precursor 5-aminole- 
vulinic acid (ALA). Normally, in the heme biosynthesis cy- 
cle, endogenous levels of ALA and PpIX are tightly regu- 
lated. - ALA administered exogenously bypasses this 
feedback conti'ol, and consequently, free PpIX accumulates 
in the cells (7,8). The so-called ALA-PDT has been intro- 
duced in clinical practice (9,10). 

PDT with topical application of ALA has been shown to 
give good cure rates for various superficial skin disorders 
(11-14). But topical application shows low cure rates for 
nodular tumors (10.15). The distribution of topically applied 
ALA in skin is dependent on many parameters, such as drug 
permeability tlirough the stratum comeum, diffusion thi'ough 
dermis and epidermis, drug clearance time and conversion 
rate of ALA into PpIX (16). The limited penetration, depth 
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of ALA molecules in skin is a major drawback of topical 
application (17,18). ALA, being a hydrophilic molecule, is 
expected to penetrate into tissues in the depth range of 3 mm 
after 3-15 h of topical application (19). Ester derivatives of 
ALA (ALA-esters) have been found to induce PpIX more 
efficiently in cells in vitro than ALA (20,21). The idea be- 
hind the introducdon of ALA-esters was that the esters 
should penetrate deeper into tissues because they are more 
lipophilic (22). ALA methylester (ALA-Me), ALA hexyles- 
ter (ALA-Hex) and longer-chain esters of ALA are currently 
being studied by different invesdgators (23-26). But differ- 
ences in biodistribution and pharmacokinedcs of ALA and 
ALA-esters are still not well understood and are of great 
interest to be furdier explored. In the present work we have 
studied the pharmacokinetics of PpIX induced after topical 
application of ALA and some of its ester derivatives under 
different conditions in an in vivo model using normal skin 
of hairless mice. Topical application of ALA was used be- 
cause this method of administration is common in the treat- 
ment of skin tumors and is advantageous over systemic ad- 
ministration because overall body sensitization is avoided 
and also high systemic concentrations of ALA may be slight- 
ly neurotoxic (27,28). The amount of PpIX formed in the 
skin was determined by means of a fluorescence spectros- 
copy, which is an efficient metiiod for noninvasive tissue 
imaging in vivo (29,30). Considerations for dosimetry pa- 
rameters such as the drug concentration and the application 
time are discussed on the basis of the experimental results 
presented. 

MATERIALS AND METHODS 

Chemicals. ALA and ALA-Me were purchased from Sigma Chem- 
ical Co. (St. Louis, MO). ALA-Hex and ALA octylester (ALA-Oct) 
were kindly supplied by PhotoCiire ASA (Oslo, Norway), 

Animals. Female Balb/c athymlc nude mice were obtained from 
the animal department of the Norwegian Radium Hospital (Oslo, 
Norway). At the start of the experiments the mice were 7-8 weeks 
old, with average body weight of 25 g. Three mice were housed per 
cage with autoclaved filter covers in a room with subdued light at 
constant temperature (24-26°C) and humidity (30^50%). Food and 
bedding were sterilized, and the mice were given food and water ad 
libitum. 

Continuous application of ALA, ALA-Me, ALA-Hex and ALA-Oct. 
For topical application, creams were prepared using 0.5%, 2%, 5%, 
10% and 20% (wt/wt) of ALA, ALA-Me, ALA-Hex and ALA-Oct 
in a standard ointment (Unguentum, Merck, Darmstad, Germany). 
To facilitate proper application of die creams, the animals were anes- 
thedzed with subcutaneous injecdon of soludon of Hypnorm (Jans- 
sen Pharmaceutica B.V., Tilburg, The Netherlands) and Dormicum 
(Hoffmann-La Roche AG, Basel, Switzerland) (1:1 vol/vol) widi a 
lowest possible single bolus (0.02-0.03 mL per mouse). The animals 
woke up within 20 min and appeared normally acdve during the rest 
of the application dme of ALA and its derivadves. Approximately, 
25 ± 3 mg/cm^ of die freshly prepared cream was condnuously 
applied topically on a spot of approximately 1 .5 cm diameter, which 
remained constant widiin the period of applicadon (0-24 h) on die 
right flank of each mouse, and covered widi transparent adhesive 
dressing (OpSite Flexiflx, Smith & Nephew Medical Ltd,, Hull, 
UK). The left flank of the mice was used as a control for systemic 
acdon of the drugs. 

Fluorescence measurements. Fluorescence In vivo was measured 
nonlnvasively wldi a flber-opdc probe coupled to a luminescence 
spectrometer (LS50B, Perkln-Elmer, Norwalk, CT) equipped with 
a photomuldplier tube R3896 (Hamamatsu, Japan). The fiber-optic 
probe is based on a commercially available fiber accessory (Perkln- 
Elmer; two 1 m fused-silica fiber bundles joined in parallel at die 
measuring tip) fitted with a cylinder-shaped aluminum spacer (6.5 



mm diameter), which provides a constant fixed distance of 10 mtn 
between the fibers and the sample. This assures a reladvely uniform 
light distribution over the measuring area and provides the maximum 
fluorescence signal for the given setup. Fluorescence intensity was 
measured at the cream application site as a function of time. Exci- 
tation wavelength was set at 407 nm, corresponding to die maximum 
of the Soret band of PpDC excitation spectrum in mouse skin, and 
fluorescence emission was measured at 635 nm. In addition, fluo- 
rescence excitation and emission spectra were measured to verify 
that the fluorescence signal originated mainly from PpIX, The 407 
nm excitation light ftx)m the luminescence spectrometer was of low 
intensity (less than 1 mW/cm^) and did not induce any significant 
photobleaching of PpIX. Excitation and emission slits were set at 5 
and 10 nm, respectively. Scattered excitation light was blocked from 
detection light with 515 nm cut off filter built in the luminescence 
spectrometer. Fluorescence measurements were carried out through 
the transparent occlusive dressing, which did not distort die fluores- 
cence signal. Before cream application, fluorescence background 
(autofluorescence) of skin was recorded from each animal and was 
subtracted from the fluorescence data. 

The animals were inspected for systemic action of the drugs under 
exposure to blue light (350-400 nm with maximum at 370 nm, 
around 5 mW/cm^, TLD 18W/08; Philips, Holland) for a short pe- 
riod of time, which did not cause any significant photobleaching, in 
the darkness. 

Data analysis. The data are averages from three mice for each 
group (three readings for each mouse). Accumulation of PpIX was 
visualized by plotting fluorescence intensity as a function of appli- 
cation time and drug concentration. The latter curves were fitted with 
a mathematical dose-dependent model using SigmaPlot 4.0 software 
(SPSS Inc., Chicago, IL): 

F • C 

F= , (1) 

where F Is tiie measured fluorescence intensity, C is the concentra- 
tion (%) of the drug in the applied cream, F^ is the maximal 
intensity of PpIX fluorescence that can be achieved after cream ap- 
plication and Cm is the constant showing die concentration (C = 
Cm) of die active drug in the applied cream diat induces 50% of die 
maximal amount of PpIX (F = W^^^^^), 

Significance m differences between the data points was tested 
using the Student's f-test. 

RESULTS 

PpIX accumulation in mouse skin after the treatment 
with ALA and its ester derivatives 

Typical fluorescence emission and excitation spectra of PpIX 
were observed in mouse skin after topical applicadon of the 
creams containing ALA or ALA-esters. The spectral shape 
of the fluorescence v/as the same widiin the resolution of 
die instrumental setup for all the concentrations and the 
drugs studied (Fig. 1), showfng diat die fluorescence pre- 
dominately originates from PpIX, which is the main final 
product under normal conditions. 

Fluorescence of PpIX induced by ALA, ALA-Me, ALA- 
Hex and ALA-Oct peaked at around 6-12 h after cream 
applicadon (Fig. 2). Within the limits of error accumuiadon, 
the kinedcs of PpDC followed a nearly similar profile for all 
ALA concentrations studied (Fig. 2). There was a slight ten- 
dency for a lag phase after die applicadon of ALA-Me and 
ALA-Oct. For all the ALA-esters die lowest concentrations 
(0.5-2%) gave significandy (F < 0.05) lower fluorescence 
than did the higher concentradons (Fig. 2). 

Observation under exposure to die blue light (Fig. 3) 
showed that die whole mouse was fluorescent in the case of 
topical application (8 h) of ALA, whereas only the area of 



Photochemistry and Photobiology, 2002, 76(3) 331 




400 500 600 700 

Waveleingth (nm) 



Figure 1. Fluorescence excitation and emission spectra of PpIX 
recorded in normal mouse skin after topical application of cream 
containing ALA or ALA-esters. Fluorescence emission spectrum is 
corrected for tlie spectral sensitivity of the detection system. Only 
one excitation and one emission spectrum are given because the 
spectra completely overlap after the application of ALA and its ester 
derivatives. 

the initial cream application exhibited red fluorescence in the 
case of ALA-Me, ALA-Hex and ALA-Oct 

Influence of the drug concentration in tlie applied 
cream on PpIX accumulation 

The accumulation of PpIX in the skin as a function of the 
concentration of the drugs was plotted, and the data were 
fitted (P < 0.002) using Eq. 1 (Fig. 4). The discrepancy 
between the 20% point for ALA-Me, ALA-Hex and ALA- 
Oct and theoretical fits (Fig. 4) can be explained by the fact 
that the creams become rather fluid when 20% of any of 
these ALA-esters are used in the cream. The data for ALA- 
Oct (0.5-5%, Fig. 4) were significantly (jP < 0.05) different 
from that of the other drugs. 

Concentrations for optimal PpIX fluorescence were deter- 
mined from Fig. 4. The parameters and were cal- 
culated for each compound (Fig. 5) and, for practical rea- 
sons, the amount of the dmg in the applied cream necessary 
to induce 90% of tlie maximal fluorescence of PpIX was 
estimated (Fig. 5, lower panel, right ordinate). The curve for 
ALA-Oct was significantly different from the other ones 
(Fig. 5, lower panel). 

DISCUSSION 

Recent studies showed that the sensitization of skin tumors 
with endogenous porphyrins can be made more selective by 
using lipophilic ester derivatives of ALA ratlier than ALA 
(24,25,31). But using comparable doses of ALA and its ester 
derivatives in animal models in vivo, it was found that ALA- 
esters do not induce significantly different amounts of PpIX 
compared with ALA (32,33). Nevertheless, some differences 
in phai'macoldnetics do exist. Notably, tlie highest PpIX 
fluorescence was achieved using 20% of ALA in the oint- 
ment, whereas for ALA-Me and ALA-Hex the highest fluo- 
rescence was achieved with 10% drug (Fig. 2). This may 
paitly be explained by the fact that the creams containing 
high concentrations (20%) of ALA-esters are slightly more 
fluid than ALA-cream. Application of a cream with 0.5% 
ALA gave almost as much fluorescence as application of a 
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Figure 2, Kinetics of PpIX accumulation in normal mouse skin after 
topical application of creams containing varioiis concentrations of 
ALA and ALA-esters. Error bars represent ±SE. 

cream with 20% ALA, whereas for all esters the lowest con- 
centration (0.5%) gave much lower fluorescence (Fig. 2). 
These differences may be related to the fact that the esters 
are more lipophilic than ALA (22), and a significant fraction 
of the ALA-esters may be bound in the stratum comeum and 
other lipophilic cellular compartments, thus slowing down 




Figure 3. Difference in action of the topically applied drugs — a: 
Systemic action of ALA. b: ALA-Me induces PpIX fluorescence 
only in the area where the cream had been applied. The photos for 
ALA-Hex and ALA-Oct are not shown because their action was 
similar to tliat of ALA-Me. The area of the cream application is 
marked on the mice. Photographed in tlie darkroom under blue-light 
exposure. 
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Figure 4. Dependence of PpIX accumulation on concentrations of 
ALA and ALA-esters in the cream applied topically on normal 
mouse skin. Error bars represent ±SE. 

their penetration and production of PpIX. This is in agree- 
ment with our earlier finding that ALA-Me produced PpIX 
with a time lag as compared with ALA (32). The same ten- 
dency was seen in the present work, although the difference 
was smaller (Fig. 2). The reason could be the difference in 
application of anesthesia used in our present and previous 
work (32). Anesthesia of mice is necessary to faciUtate ap- 
plication of creams. But recentiy, we found tiiat systenaic 
anesthesia of mice results in a decrease in the skin temper- 
ature and that the temperature is an important factor for 
PpIX synthesis after the application of ALA and ALA-esters 
(34), In the present study we used the lowest possible doses 
of anesthetics, Le. significantiy lower than in our previous 
work (32). Moreover, the discrepancy between these findings 
leads to a conclusion that the bioavailability of ALA-Me, 
and probably also of die other ALA-ester derivatives, is af- 
fected more by external and internal factors^ such as tem- 
perature and intactness of the stratum corneum, than that of 
ALA. The role of die stratum cotneum as a barrier for top- 
ically applied drugs has been demonstrated. The use of a 
penetration enhancer or tape-stripping, of the stratum cor- 
neum of mice enhanced the production of PpIX more for 
ALA-Hex than for ALA (31). This indicates that ALA-Hex 
diffuses more slowly across the stratum corneum than does 
ALA. It should be noted tiiat tape-stripping revealed that in 
all cases PpIX is found in the epidermis and not in the stra- 
tum corneum (31), 

Kinetics on the long time scale (12-24 h of topical appli- 
cation) show lower PpIX fluorescence for low concentrations 
of ALA-esters than for ALA, where PpEX levels are almost 
as high at 24 h of application as at 12 h of application for 
all concentrations of ALA (Fig, 2), Furthermore, high con- 
centrations of ALA-Hex and ALA-Oct, but not of ALA-Me, 
induced slightiy higher levels of PpIX than did ALA after 
24 h of application (Fig. 2). The clearance rate of PpIX is 
faster after the application of ALA-Me than after the appli- 
cation of ALA (35). ALA ester derivatives produce PpIX 
only on tiie spot of cream application, whereas ALA acts 
systemically (Fig. 3), Le. after prolonged application (>5 h) 
it goes into circulation and produces PpIX in remote untreat- 
ed skin areas in hairless mice (32,36). Possibly, for long 
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Figure 5. Time dependence of the parameters calculated by Eq. i, 
^max (wpper panel)— the highest PpDC fluorescence possible to attain 
during continuous topical application of the cream containing ALA 
or ALA-esters. (lower panel) — concentration of the active com- 
pound (ALA or ALA-esters) in the cream sufficient to induce 50% 
(left ordinate) and 90% (right ordinate) of the maximal PpDC amount 
corresponding to a certain time point. The constants F^aax and C^f 
retained irrelevant values for ALA-Oct for / < 5 h, meaning that 
ALA-Oct could not gain optimal PpIX fluorescence during short 
application times. Error bars represent ±SE. 



apphcation times tiie systemic action of topically applied 
ALA may contribute to PpIX levels also in the Ureated spot 
on mouse skin, which might explain the slower clearance of 
PpIX after the application of ALA than after tiie application 
of ALA-esters. 

Aalders et ai (37) recentiy reported that experimentally 
determined fluorescence kinetics could be accurately de- 
scribed witii the dose-dependent Michaelis-Menten model. 
For short application times (1-8 h) the dependence of PpIX 
fluorescence on the concentrations of ALA and ALA-esters 
in the applied cream is well described by the equation of 
conventional enzyme kinetics (Eq. 1) (Fig. 4). Parameters 
characterizing the conversion of ALA and ALA-esters into 
PpIX in our experiment are calculated using this approach 
(Fig. 5). Unfortunately, only a marginal knowledge is avail- 
able concerning tiie pharmacokinetics of exogenously ad- 
ministered ALA and tiie relktionship between the pharma- 
cokinetics of ALA and ALA-induced PpIX in tissues in vivo 
(10). On tiie basis of tiie currentiy available data, one can 
speculate tiiat for topical application of ALA and its ester 
derivatives, production of PpIX is a dominating process for 
application times of 1-8 h, whereas for longer times (>12 
h) clearance is a dominant process (Fig. 2) (32,35). 

In conclusion, under tiie present conditions and in the pre- 
sent animal model in vivo (normal mouse skin), the amount 
of PpIX in tiie skin increases around 1.5-fold during, appli- 
cation from 4 to 12 h for ALA-Me, ALA-Hex or ALA-Oct 
as compared with ALA (Fig. 5), Practically 90% of tiie max- 
imal amount of PpIX is achieved at concentrations lower 
than those commonly used in the clinics (Fig. 5). Creams 



containing ai-ound 5% ALA. 10% ALA-Me and 5% ALA- 
Hex give optimal PpIX fluorescence during short application 
times (2-4 h). Topical application of ALA-Oct for short 
times (<5 h) does not give optimal PpIX fluorescence (Fig. 
5). It seems that for long application times (8-12 h), creams 
containing around 1% ALA, 4% ALA-Me, 6% ALA-Hex 
and 16% ALA-Oct give optimal PpIX fluorescence. For long 
application times and for high concentrations, the systemic 
effect of topically applied ALA should be considered. But a 
simple Michaelis-Menten fit indicates the saturation of the 
enzymatic process, and increased availability of ALA may 
not increase the amount of PpIX over the basic capacity of 
the cells to synthesize porphyrins ft-ora ALA. 

Acknowledgements — ^The present work was supported by the Re- 
search Foundation of the Norwegian Radium Hospital (RF) and by 
the Norwegian Cancer Society (DNK). 

REFERENCES 

1. Dougherty, T. J., C. J. Gomer. B. W. Henderson. G. Jori, D. 
Kessel, M. Korbelik, J. Moan and Q. Peng (1998) Photodynamic 
therapy. J. Natl, Cancer Inst, 90, 889-905. 

2. Kalka. K., H. Merk and H. Mukhtar (2000) Photodynamic ther- 
apy in dermatology. J, Am, Acad, Dermatol 42, 389-413. 

3. Lipson, R. L., E. ^J. Baldes and M. J. Gray (1967) Hematopor- 
phyrin derivative for detection and management of cancer. Can- 
cer 20, 2255-2257. 

4. Dougherty, T. J., M. T. Cooper an4 T. S, Mang (1990) Cuta- 
neous phototoxic occurrences in patients receiving photofrin. 
Lasers Surg, Med. 10, 485-488. 

5. Kennedy. J, C. P. Nadeau, Z. J. Peti7ka, R. H. Pettier and G. 
Weagle (1992) Clearance times of porphyrin derivatives from 
mice as measured by in vivo fluorescence spectroscopy. Pho- 
tochem. Photobiol 55. 729-734. 

6. Lamola. A. A. (1982) Fluorescence studies of protoporphyrin. 
Transport and clearance. Acta Dennato-Venereol. SuppL 
(Stockh,) 100, 57-66. 

7. Malik. Z. and H. Lugaci (1987) Destnjction of erythroleukaemic 
cells by photoactivation of endogenous porphyrins. Br. J. Can- 
cer 56. 589-595. 

8. Charlesworth. P. and T. G. Truscott (1993) The use of S-ami- 
nolevulinic acid (ALA) in photodynamic therapy (PDT). J. Pho- 
tochem, Photobiol B: Biol 18. 99-100. 

9. Kennedy. J. C. S. L. Marcus and R. H. Pettier (1996) Photo- 
dynamic therapy (PDT) and photodiagnosis (PD) using endog- 
enous photosensitization induced by 5-aminolevulinic acid 
(ALA): mechanisms and clinical results. J, Clin. Laser Med, 
Surg, 14, 289-304. 

10. Peng, Q,. T. Warloe. K. Berg, J. Moan. M. Kongshaug, K. E. 
Giercksky and J. M. Nesland (1997) 5-Aminolevulinic acid- 
based photodynamic tlierapy. Clinical research and future chal- 
lenges. Cancer 79, 2282-2308. 

11. Caimduff. P., M. R. Stiinger, E. J. Hudson, D. V. Ash and S. 
B. Brown (1994) Superficial photodynamic therapy with topical 
5-aminolaevulinic acid for superficial prifeary and secondary 
skin cancer. Br. J, Cancer 69, 605-608. 

12. Szeimies, R. M.. S. Kan*er. A. Sauerwald and M. Landtlialer 
(1996) Photodynamic therapy with topical application of 5-ami- 
nolevulinic acid in die treatment of actinic keratoses: an initial 
clinical study. Dermatology 192. 246-251. 

13. Hurlimann. A. F.. G. Hanggi and.R. G. Panizzon (1998) Pho- 
todynamic therapy of superficial basal cell carcinomas using 
topical 5-an'unoIevulinic acid in a nanocolloid lotion. Derma- 
tology 197, 248-254. 

14. Hongcharu, W., C. R. Taylor, Y. Chang. D. Aghassi, K. Sutha- 
mjariya and R. R. Anderson (2000) Topical ALA-photodynamic 
therapy for the treatment of acne vulgaris. J, Investig. Dermatol 
lis. 183-192. 

15.. Wolf. P., E. Riegcr and H. Ker) (1993) Topical photodynamic 
tlierapy with endogenous porphyrins after application of 5-ami- 



Photochemistry and Photobiology, 2002, 76(3) 333 

nolevulinic acid. An alternative treatment modality for solar ker- 
atoses, superficial squamous cell carcinomas, and basal cell car- 
cinomas? J, Am. Acad, Dermatol 28. 17-21. 

16. Svaasand, L. O., P. Wyss, M. T. Wyss, Y. Tadir. B. J. Tromberg 
and M. W. Bems (1996) Dosimetry model for photodynamic 
therapy with topically administered photosensitizers. Lasers 
Surg, Med 18. 139-149. 

* 17. Szeimies. R. M.. T. Sassy and M. Landthaler (1994) Penetration 
potency of topical applied 8-aminoIevulinic acid for photody- 
namic therapy of basal cell carcinoma. Photochem, Photobiol 
59. 73-76. 

18. Kloek, J„ W. Aldcermans and G, M. Beijersbergen van Hene- 
gouwen (1998) Derivatives of 5-aminolevulinic acid for pho- 
todynamic therapy: enzymatic conversion into protoporphyrin. 
Photochem, Photobiol 67, 150-154. 

19. Svaasand, L. O., B. J. Tromberg, P. Wyss. M.-T. Wyss-Dcsser- 
ich, Y. Tadir and M. W. Bems (1996) Light and drug distri- 
bution with topically administei-ed photosensitizers. Lasers Med, 
Scl 11, 261-265. 

20. Gaullier, J. M„ K. Berg, Q, Peng, H. Anholt. P. K. Selbo, L. 
W. Ma and J. Moan (1997) Use of 5-aminolevulimc acid esters 
to improve photodynamic therapy on cells in culture. Cancer 
Res. SI, 1481-1486. 

21. Kloek, J, and G, M. Beijersbergen van Henegouwen (1996) 
Prodrugs of 5-aminolevulinic acid for photodynamic therapy. 
Photochem, Photobiol 64. 994-1000. 

22. Uehlinger, P.. M. Zellweger. G. Wagnieres, L. Juillerat-Jean- 
neret, H. van den Bergh and N, Lange (2000) 5-AminoIevullnic 
acid and its derivatives: physical chemical properties and pro- 
toporphyrin IX formation in cultured cells. J, Photochem, Pho- 
tobiol B: Biol 54, 72-80. 

23. Fritsch, C, B. Homey, W. Stahl, P. Lehmann, T. Ruzicka and 
H, Sies (1998) Preferential relative porphyrin enrichment in so- 
lar keratoses upon topical application of 8-aminolevuUnic acid 
metliylester. Photochem, Photobiol 68, 218-221. 

24. Peng. Q.. A. M. Soler, T. Warloe. J. M. Nesland and K. Gierck- 
sky (2001) Selective distribution of porphyrins in skin thick 
basal cell carcinoma after topical application of methyl 5-ami- 
nolevulinate. J. Photochem, Photobiol B: Biol 62, 140-145. 

25. Lange, N.. P. Jichlinski. M. Zellweger. M. Forrer. A. Maiti, L. 
Guillou. P. Kucera, G. Wagnieres and H. van den Bergh (1999) 
Photodetection of early human bladder cancer based on the fluo- 
rescence of 5-aminolaevulinic acid hexylester-induced proto- 
porphyrin IX: a pilot study. Br. J, Cancer 80. 185-193. 

26. van den Akker. J. T,. H. S. de Bruijn. G. M. Beijersbergen van 
Henegouwen. W. M. Star and H. J. Sterenborg (2000) Proto- 
porphyrin DC fluorescence kinetics and localization after topical 
application of ALA pentyl ester and ALA on hairless mouse 
skin witl) UVB-induced early skin cancer, Photochem, Photo- 
biol 72, 399-406. 

27. Shanley. B. C, A. C. Neethling. V. A. Percy and M. Cai-stens 
(1975) Neurochemical aspects of porphyria. Studies on the pos- 
sible neurotoxicity of 8-aminolaevulinic acid. S. Afr. Med. J. 49, 
576-580. 

28. Emanuelli, T„ F, W. Pagel, L. B, Alves. A. Regner and D. O. 
Souza (2001) Inhibition of adenylate cyclase activity by 5-anii- 
nolevulinic acid in rat and human brain. Neurochem Int. 38, 
213-218. 

29. Pottier, R. H., Y. F. Chow, J. P. LaPlante, T. G. Truscott, J. C, 
Kennedy and L. A. Beiner (1986) Non-invasive technique for 
obtaining fluorescence excitation and emission specti'a in vivo. 
Photochem. Photobiol 44, 679-687, 

30. Johansson, J., R. Berg, K. Svanberg and S, Svanberg (1997) 
Laser-induced fluorescence studies of normal and malignant tu- 
mour tissue of rat following intravenous injection of S-amino 
levulinic acid. Lasers Surg, Med, 20, 272-279, 

31. Gerscher, S., J. P. Connelly, J. Griffiths, S, B. Brown, A. J, 
MacRobert, G, Wong and L. E. Rhodes (2000) Comparison of 
tlie pharmacokinetics and phototoxicity of protoporphyrin IX 
metabolized from 5-aminolevuIinic acid and two derivatives in 
human skin in vivo. Photochem. Photobiol 72, 569-574. 

32. Soi*ensen, R.. P. Juzenas, V. lani and J, Moan (1999) Formation 
of protoporphyrin IX in mouse skin after topical application of 
5-aminolevulinic acid and its methyl ester. In Photochemother- 



334 Asta Juzeniene et al. 



apy of Cancer and Other Diseases. (Edited by B. Ehrenberg 
and K, Berg) Proc. SPIE 3563, 77-81. 

33. Casas, A., A. M. Batlle. A. R. Butler, D. Robertson, E. H, 
Brown, A. MacRobert and P. A. Riley (1999) Compai'ative ef- 
fect of ALA derivatives on protoporphyrin IX production in 
human and rat skin organ cultures. Bn J. Cancer 80, 1525- 
1532. 

34. Juzeniene, A., P. Juzenas, O. Kaalhus, V. lanl and J. Moan 
(2002) The temperature effect on the accumulation of protopor- 
phyrin IX after topical application of 5-aminolevulinic acid and 
its methylester and hexylester derivatives in normal mouse skin. 
Photochem, PhotobioL 



35. Juzenas, P.» R. Sorensfen, V, lani and J, Moan (1999) Clearance 
of protoporphyrin IX from mouse sldn after topical application 
of 5-aminolevulinic acid and its methyl ester. In Photochemo- 
therapy of Cancer and Other Diseases (Edited by B. Ehrenberg 
and K. Berg) Proc, SPIE 3563, 161-166. 

36. Moan, J„ L. W. Ma and V. lani (2001) On the pharmacokinetics 
of topically applied 5-aminolevullnic acid and two of its esters 
Int. J. Cancer 92, 139-143. 

37. Aalders, M. C, N, van der Vange, W. M. Star and H. J. Ster- 
enborg (2001) A madiematical evaluation of dose-dependent 
PpIX fluorescence kinetics in vivo. Photochem. PhotobioL 74 
311-317. 



